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Abstract
Post-translational modifications in lens crystallins due to glycation and oxidation have been suggested to play a significant
role in the development of cataracts associated with aging and diabetes. We have previously shown that K-keto acids, like
pyruvate, can protect the lens against oxidation. We hypothesize that they can also prevent the glycation of proteins
competitively by forming a Schiff base between their free keto groups and the free ^NH2 groups of protein as well as
subsequently inhibit the oxidative conversion of the initial glycation product to advanced glycation end products (AGE). The
purpose of this study was to investigate these possibilities using purified crystallins. The crystallins isolated from bovine
lenses were incubated with fructose in the absence and presence of pyruvate. The post-incubation mixtures were analyzed for
fructose binding to the crystallins, AGE formation, and the generation of high molecular weight (HMW) proteins. In parallel
experiments, the keto acid was replaced by catalase, superoxide dismutase (SOD), or diethylene triaminepentaacetic acid
(DTPA). This was done to ascertain oxidative mode of pyruvate effects. Interestingly, the glycation and consequent
formation of AGE from K-crystallin was more pronounced than from L-, and Q-crystallins. The changes in the crystallins
brought about by incubation with fructose were prevented by pyruvate. Catalase, SOD, and DTPA were also effective. The
results suggest that pyruvate prevents against fructose-mediated changes by inhibiting the initial glycation reaction as well as
the conversion of the initial glycated product to AGE. Hence it is effective in early as well as late phases of the reactions
associated with the formation of HMW crystallin aggregates. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Persistent hyperglycemia is well known to exert
toxic reactions in various body tissues [1^4]. This is
easily demonstrable in the lens by loss of its trans-
parency, i.e. cataract formation [5,6]. Studies with
rats and certain other animal models have demon-
strated that this toxicity is associated with an accel-
eration of the polyol pathway and consequent accu-
mulation of the high levels of sorbitol and fructose in
the lens ¢bers and epithelium [5,7^9]. Such an accu-
mulation leads to osmotic swelling of the tissue [6].
Simultaneously, the increased utilization of NADPH
in the synthesis of sorbitol can also lead to oxidative
stress. However, the activity of the polyol pathway in
the human lens is comparatively much low [10].
Hence, its contribution in human cataractogenesis
is considered to be only synergistic, acting in associ-
ation with other factors, not well known at present.
Kinetic studies suggest that in this species, as com-
pared to that in rat and other animal models, the
conversion of sorbitol to fructose is relatively more
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rapid, leading to an accumulation of signi¢cantly
higher levels of fructose. The level of this metabolite
in human diabetic lenses can go as high as 15 mM,
varying with the stage at which the lens (cataract) is
extracted and available for analysis, and the degree
of hyperglycemia [10,11] as re£ected by the level of
blood glucose as well as glycated hemoglobin [12].
The contribution of this metabolite in the biochem-
ical alterations associated with sugar cataract forma-
tion, however, remains untested. Recent studies from
our laboratory and others have demonstrated that
among the various physiological sugars, fructose
undergoes a more rapid oxidative degradation
[13,14]. The process is metal- and Oc32 -dependent
[13]. In addition, it is a more potent protein glycating
agent in comparison to glucose [15,16]. The present
studies were, hence, undertaken to examine the pos-
sibility of glycation- and oxidation-dependent dam-
age to crystallins induced by this sugar, at levels
prevalent in the human diabetic lenses. Since glyca-
tion- and oxidation-induced biochemical changes are
known to participate in the overall cataractogenic
process, the studies were also extended to determine
the possibility of actually preventing the fructose-in-
duced changes by pyruvate, an agent that has re-
cently been shown to attenuate cataract formation
in galactosemic animals [17,18]. As conceived, incu-
bation of the lens crystallins with fructose levels
prevalent in the diabetic lenses was indeed found to
cause signi¢cant glycation and oxidative changes.
The changes are more pronounced with K-crystallin.
More interestingly, these changes were noticeably
minimized by pyruvate. The study therefore suggests
that excessive accumulation of fructose in the dia-
betic lens could be an important contributory factor
in the genesis of cataracts.
2. Materials and methods
2.1. Isolation of crystallins
The crystallins were isolated from bovine eye
lenses (W2 years old) by standard gel ¢ltration chro-
matography through Sephadex G-200. The homoge-
neity of the isolated crystallins was veri¢ed by run-
ning SDS-PAGE (12% separating gel and 4%
stacking gel) and using standard crystallins from Sig-
ma Chemical (St. Louis, MO) as reference. Protein
determination was carried out according to the meth-
od of Bradford [19]. SDS-PAGE was carried out
according to Laemmli [20].
2.2. Binding of 14C-fructose to crystallins
The crystallins (1 mg/ml) were incubated in 0.1 M
sodium phosphate bu¡er, pH 7.4 containing 10 mM
fructose with U-14C-fructose at 37‡C for 24 h. A
0.3-ml amount of the incubation mixtures was then
taken out and the proteins precipitated by adding
0.3 ml of cold 20% trichloroacetic acid (TCA). The
precipitate was washed with 5% TCA three times.
The resulting residue was then dissolved in 100 Wl
of 1 N NaOH, transferred to a scintillation cocktail
and the radioactivity bound to the protein deter-
mined by counting L-disintegration rate. The speci¢c
activity of fructose was also determined simultane-
ously.
In experiments aimed to determine the possible
inhibition of fructose binding by pyruvate, the K-
crystallin (1 mg/ml) was pre-incubated with pyruvate
(0^20 mM) for 3 h. This was followed by the addi-
tion of U-14C-fructose (10 mM). The ¢nal mixture
was then incubated for an additional 24 h and fruc-
tose bound to the protein determined as described
above.
In experiments aimed to determine if pyruvate ef-
fect could also be due to its ROS scavenging proper-
ties, incubations of protein with fructose were also
conducted in the presence of catalase (100 U/ml),
SOD (100 U/ml) and DTPA (1 mM).
Binding of pyruvate to protein per se was simulta-
neously determined by incubating K-crystallin with
2-14C-pyruvate with increasing levels of the cold
compound (0^20 mM).
2.3. Formation of advanced glycation end products
(AGE)
This was studied by incubating the isolated crys-
tallins in the absence or presence of fructose and
determining £uorimetrically the extent of AGE for-
mation at periodic intervals. Brie£y, the individual
crystallins (1 mg/ml) were incubated in 0.1 M sodium
phosphate bu¡er, pH 7.4 in the absence or presence
of fructose (10 mM) at 37‡C. Aliquots of 100 Wl of
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this reaction mixture were withdrawn every third day
and their £uorescence measured at 370/440 nm (ex-
citation/emission) after diluting them to 1.5 ml with
phosphate bu¡ered saline (PBS). The £uorescence
was monitored until the 12th day. In parallel experi-
ments, pyruvate (10 mM) was added to the incuba-
tion mixtures containing protein and fructose. The
blank controls, which contained only the crystallins,
were also run simultaneously.
To ascertain that the pyruvate e¡ect against AGE
formation could also be related to its ROS scaveng-
ing activity, K-crystallin (1 mg/ml) was incubated
with 10 mM fructose in the absence or presence of
pyruvate (10 mM), catalase (100 U/ml), SOD (100 U/
ml) or DTPA (1 mM) in 0.1 M sodium phosphate
bu¡er, pH 7.4. Aliquots (100 Wl) were withdrawn
every third day for £uorescence measurement as de-
scribed above. Also, 10 Wl of the incubated samples
were taken out on the 9th day and processed by
SDS-PAGE.
2.4. Reaction of free O-amino group with pyruvate
K-Crystallin (2 mg/ml) was incubated in 0.1 M
phosphate bu¡er, pH 7.4, in the absence or presence
of 10 mM either fructose or pyruvate at 37‡C for
24 h. Following the incubation, 0.1-ml aliquots
were taken out and their free O-amino groups deter-
mined as follows [21]. The aliquots were diluted to
1 ml with water. Then 1 ml of 4% NaHCO3 (pH 8.5)
and 1 ml of 0.01% freshly prepared 2,4,6-trinitroben-
zenesulfonic acid (TNBS) were added. The contents
were incubated at 42 þ 2‡C for 2 h. The reaction was
then stopped by the addition of 1 ml of 10% SDS
and 0.5 ml of 1 N HCl and absorbance measured
spectrophotometrically at 335 nm. Moles of ^NH2
blocked by reaction with pyruvate was then calcu-
lated by the di¡erence in the absorbance of the sam-
ples incubated without and with either fructose or
pyruvate and using reference standards prepared
with lysine and glutamic acid.
3. Results
One of the objectives of this study was to deter-
mine the variation in the susceptibility of the individ-
ual lens crystallins to glycation and consequent AGE
formation by exposing them to fructose. Initial data
were obtained by measuring the incorporation of the
radioactivity into the individual crystallins, by incu-
bating them with U-14C-fructose. As shown in Fig. 1,
all the crystallins became signi¢cantly radioactive
within 24 h of incubation with fructose. However,
the radioactivity was about 2-fold higher with K-
crystallin, when compared to L-, and Q-crystallins.
The approximate mole ratios of fructose bound to
the crystallin were 1.82, 0.94, and 0.82 for K-, L-,
and Q-crystallins, respectively. The monomeric molec-
ular weight of the crystallins was taken as 20 kDa.
Results on the actual formation of AGE as judged
by the time-dependent increase in £uorescence of the
crystallins on incubation with fructose are summa-
rized in Fig. 2. As expected from the above binding
studies, the generation of AGE from the low molec-
ular weight K-crystallin was also much greater in
comparison to the other crystallins. The extent of
AGE formation from L- and Q-crystallins did not
di¡er signi¢cantly.
To verify the correlation between the increasing
£uorescence (AGE formation) and associated protein
changes, the above samples were also analyzed by
SDS-PAGE (Fig. 3A,B). The samples were run be-
fore (Fig. 3A) and after reduction with L-mercapto-
ethanol (Fig. 3B). In both gels, lane 1 represents
molecular weight standards. As shown in lane 2 of
Fig. 3A, the unincubated K-crystallin (serving as a
control) was represented by a doublet around
20 kDa and a minor band of 43 kDa. Blank incuba-
Fig. 1. 14C-Fructose binding to crystallins. The crystallins (1 mg/
ml) were incubated with fructose (10 mM) containing its
U-14C-analog in 0.1 M sodium phosphate bu¡er, pH 7.4 at
37‡C for 24 h and its binding determined as described in Sec-
tion 2. n = 3.
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tion caused a perceptible increase in the 43-kDa pro-
tein (lane 3). Incubation with fructose led to the ap-
pearance of additional new bands with molecular
weights higher than 43 kDa (lane 4). As shown in
Fig. 3B, the mobility of the native unincubated K-
crystallin (lane 2) remained una¡ected by reduction
with mercaptoethanol. However, it was interesting to
note that the 43-kDa band observed in Fig. 3A (lane
3) substantially decreased in this case, demonstrating
it to be a disul¢de dimer. As shown in lane 4 of Fig.
3B, the high molecular weight entities apparent in
Fig. 3A decreased noticeably on reduction, but not
completely. This suggests that protein modi¢cations
leading to the generation of high molecular weight
entities also involve non-disul¢de interactions.
As described earlier, the process of glycation is
known to be initiated by the condensation reaction
between the protein ^NH2 and sugar carbonyl group.
The conversion of this initial product to AGE in-
volves Amadori rearrangement followed by an oxi-
dative reaction driven by reactive oxygen species
(ROS) [22]. Since the highly reactive pyruvate car-
bonyl can bind with protein ^NH2 groups as well
as scavenge various ROS [23^26], it was hypothe-
sized that it should be able to prevent the crystallins
against the initial glycation reaction as well as its
subsequent conversion to AGE. To verify the ¢rst
possibility, K-crystallin was incubated with 2-14C-
pyruvate for 24 h and the binding of radioactivity
into the crystallin determined. As indicated in Fig.
4, signi¢cant incorporation of this keto acid into the
crystallin was observed. That addition of cold pyru-
vate inhibited the process suggests that the binding is
speci¢c.
Results on the actual inhibition of fructose binding
to protein by pyruvate have been summarized in Fig.
5. These experiments were done by incubating K-
crystallin with U-14C-fructose in the absence or pres-
ence of pyruvate and measuring the amount of fruc-
tose bound to protein. As shown in Fig. 5, addition
of pyruvate greatly decreased this binding. The in-
hibitory e¡ect was saturated at 10 mM pyruvate. The
data shown in Table 1 further indicate that about
60% of the free O-amino groups in K-crystallin are
Fig. 2. Formation of AGE from individual crystallins. The crys-
tallins (1 mg/ml) were incubated with fructose (10 mM) in 0.1
M sodium phosphate bu¡er, pH 7.4 at 37‡C. At indicated
times, the £uorescence was measured at 370/440 nm as de-
scribed in Section 2. n = 4.
Fig. 3. SDS-PAGE pro¢le of K-crystallin. Aliquots of 10 Wl of
incubation mixtures (from Fig. 7) were taken out on day 9, and
electrophoresed on SDS-PAGE. The samples were loaded unre-
duced and reduced. Lane 1, protein standards; lane 2, unincu-
bated K-crystallin; lanes 3^10, samples incubated as follows:
lane 3, K-crystallin; lane 4, K-crystallin+fructose; lane 5, lane
4+pyruvate; lane 6, lane 4+catalase; lane 7, catalase+fructose;
lane 8, lane 4+SOD; lane 9, SOD+fructose; lane 10, lane
4+DTPA. (A) Unreduced. (B) Reduced.
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available for binding with fructose as well as pyru-
vate.
As shown in Fig. 6, AGE, represented by the £uo-
rescence generated from the incubation of the crys-
tallins with fructose, was also signi¢cantly prevented
by pyruvate. The inhibitory e¡ect was re£ected fur-
ther by the SDS-PAGE pro¢les (Fig. 3). As indi-
cated, the generation of several HMW fractions on
incubation of K-crystallin with fructose (lane 4) was
nearly completely prevented in the presence of pyr-
uvate (lane 5), indicating more directly its ability to
prevent protein changes caused by fructose.
To examine if the observed e¡ect of the ketoacid
against protein changes and AGE formation could
also be related to its antioxidant e¡ect, further stud-
ies were undertaken to determine the e¡ect of speci¢c
ROS scavengers, namely catalase, a scavenger of
H2O2, SOD, a scavenger of Oc32 , and DTPA, a metal
chelator known to prevent the formation of OHc,
against the above changes caused by fructose. As
summarized in Fig. 7, the development of fructose-
induced AGE formation from K-crystallin was inhib-
ited by all the above agents. However, DTPA was
the most e¡ective, suggesting that AGE formation by
fructose is dependent on the generation of OHc via
the Haber^Weiss reaction. The preventive e¡ect of
the above agents against K-crystallin damage was
also re£ected by its SDS-PAGE. As shown in Fig.
3, all the ROS scavengers, viz catalase (lane 6), SOD
(lane 8) and DTPA (lane 10), inhibited signi¢cantly
the fructose-induced generation of HMW species
(lane 4). These results therefore suggest that oxida-
Fig. 4. 14C-Pyruvate binding to K-crystallin. K-Crystallin (1 mg/
ml) was incubated with 2-14C-pyruvate in 0.1 M sodium phos-
phate bu¡er, pH 7.4 containing cold pyruvate (0^20 mM) for
24 h at 37‡C and its binding determined as described in Section
2 n = 3.
Fig. 5. Inhibition of fructose binding to K-crystallins by pyru-
vate. K-Crystallin (1 mg/ml) was incubated with fructose (10
mM) containing its U-14C-analog in 0.1 M sodium phosphate
bu¡er, pH 7.4 at 37‡C for 24 h in the absence and presence of
pyruvate (0^20 mM) and the amount of fructose bound to the
crystallin was determined as described in Section 2. n = 3; C, K-
crystallin; F, fructose; P, pyruvate.
Table 1
Quantitation of amino groups in K-crystallin: binding with
fructose and pyruvate
K-Crystallin K-Crystallin+
10 mM fructose
K-Crystallin+
10 mM pyruvate
13.3 þ 1.1 5.1 þ 0.7 4.9 þ 0.04
The monomeric molecular weight of the crystallin was taken as
20 kDa. The results are expressed as mol ^NH2/mol crystallin.
Mean þ S.D., n = 3.
Fig. 6. Protective e¡ect of pyruvate against AGE formation.
The crystallins (1 mg/ml) were incubated with fructose (10 mM)
in the absence and presence of pyruvate (10 mM) at 37‡C. The
£uorescence was measured at indicated times as described in
Section 2. n = 4.
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tion of fructose to more reactive glycating agents
could have preceded glycation and AGE formation.
This is also apparent from the inhibitory e¡ects of
ROS scavengers against fructose binding to the crys-
tallin (Fig. 8).
4. Discussion
Previous studies have shown that among the com-
monly encountered sugars, fructose is most unstable,
re£ected by its faster auto-oxidation catalyzed by
trace metals [13,14]. The process is accompanied
with the generation of reactive oxygen species
[13,22]. In addition, this sugar has also been known
to be a more potent glycating agent in comparison to
glucose [15,16]. Since these phenomena, viz. oxida-
tion as well as glycation [27^30], have been impli-
cated in the genesis of cataracts, it is conceived
that accumulation of this sugar in the lens might
be injurious to the physiology of the tissue. The con-
centration of this compound in human diabetic lens
can rise to W15 mM, depending upon the severity of
diabetic conditions [10^12]. The possibility was ini-
tially veri¢ed by incubating the crystallins with fruc-
tose and determining its binding to the crystallin ra-
dioisotopically. This was followed by determination
of AGE and the generation of high molecular weight
proteins. The results described in the preceding sec-
tion demonstrate that fructose at levels prevalent in
human diabetic lens can lead to signi¢cant glycation
of various crystallins. In addition, signi¢cant AGE
production has been noticed. Most interestingly, K-
crystallin was more reactive than other crystallins, as
has also been previously reported [31]. The speci¢city
of glycation by fructose at the protein ^NH2 was
proven by the decrease in the level of TNBS reactiv-
ity following treatment of the crystallin with fructose.
Prevention of oxidative stress and glycation caused
by high levels of sugars or their more reactive deriv-
atives has been suggested to be a possible way of
cataract attenuation or prevention [24^26,32^35].
Previous studies from this and other laboratories
have demonstrated that pyruvate is a potent scav-
enger of reactive oxygen species, such as H2O2 and
Oc32 [23^26]. It also minimizes the production of OH
c
by the Haber^Weiss reaction. The scavenging activity
has been found to be physiologically e¡ective [23^
26]. Additionally, we conceived that it might compet-
Fig. 7. Protective e¡ect of antioxidants against the generation
of AGE in K-crystallin. K-Crystallin (1 mg/ml) was incubated
with fructose (10 mM) in the absence or presence of various
antioxidants as indicated. The £uorescence was determined at
indicated times as described in Section 2. n = 4.
Fig. 8. Protective e¡ect of antioxidants against the binding of
fructose to K-crystallin. K-Crystallin (1 mg/ml) was incubated
with fructose (10 mM) containing its U-14C-analog at 37‡C for
24 h in the absence or presence of various antioxidants as indi-
cated and its binding determined as described in Section 2.
n = 3; C, K-crystallin; F, fructose; P, pyruvate; CAT, catalase;
SOD, superoxide dismutase; DTPA, diethylene triaminepenta-
acetic acid.
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itively inhibit the initial glycation of proteins involv-
ing the Schi¡ base formation between the protein ^
NH2 and sugar carbonyl (sCNO) present in the
parent sugar molecules, because of its highly reactive
keto group. This competition would be possible be-
cause of the presence of the sugar carbonyl in the
hemiacetal form; whereas the keto group in pyruvate
is free available for reaction. The results described
are in accordance with this possibility. Addition of
pyruvate in the reaction mixture had a signi¢cant
inhibitory e¡ect on the incorporation of fructose in
the crystallin. That pyruvate indeed binds to the pro-
tein ^NH2 competitively was proven by incorpora-
tion of radioactive pyruvate (2-14C-pyruvate) into
the protein and the inhibition of this process by ex-
cessive cold pyruvate. In addition, pyruvate also pre-
vented the binding of 14C-fructose to the crystallin.
It has previously been postulated that the glyca-
tion reaction is also facilitated by the presence of
reactive oxygen species in the reaction medium [22],
generated by the interaction of oxygen and certain
trace metal ions. Since pyruvate is a potent scavenger
of these reactive forms of oxygen [23^26], the inhib-
ition of glycation by this agent could also be attrib-
uted to its overall antioxidant properties. This possi-
bility was illustrated by the observed similarity of the
e¡ects of SOD, catalase and DTPA. While the anae-
robic (initial) glycation can be inhibited competi-
tively by pyruvate due to its reactivity with protein
^NH2, its antioxidant properties could be useful
against the oxidative conversion of the sugar to
more reactive glycating agents as well as oxygen rad-
ical-dependent transformation of the initial glycation
product to AGE. Hence, further studies on the e¡ec-
tiveness of pyruvate in vivo against glycation and
oxidation reactions are in progress.
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